ABSTRACT: Jeju horse (Natural Monument number 347) is a breed of horse that has experienced long-term isolation and domestication in Jeju Island, South Korea. We evaluated genetic features of this breed, including SNP, by whole-genome resequencing using an Illumina HiSeq 2000. A total of 5,986,852 SNP were identified in 4 Jeju horses and were divided into homozygous and heterozygous SNP (2,357,099 and 3,629,753 SNP, respectively). It revealed that 63.8% of these SNP resided in intergenic regions. Immune response genes with nonsynonymous SNP were overrepresented in Jeju horses as evidenced by Gene Ontology clustering. Among these genes, Toll-like receptors (TLR) are highly enriched. Comparing TLR genes between Jeju horses and the Przewalski's horse, TLR2 and TLR4 genes showed "possibly damaging" mutations in several regions by analysis with PolyPhen-2. These results provide a framework for further genetic studies in Jeju horse by domestication. Furthermore, research on functions of SNP-associated genes would aid in understanding the molecular genetic variation of horse breeds.
INTRODUCTION
Domestic animals are excellent models for genetic studies of phenotypic evolution. They have evolved genetic adaptations to a new environment, the farm, and have been subjected to strong artificial selection leading to remarkable phenotypic changes in morphology, physiology, and behavior. Domestic animals are well suited for genetic studies because they enable comparisons of populations exposed to different selection criteria and environmental challenges Kawahara-Miki et al., 2011) .
Polymorphisms in immune-related genes commonly affect the immune competence of the host and are, therefore, of greatest interest. Especially, the innate immune system relies on pattern recognition receptors to detect molecular patterns signaling microbial presences (Bergman, 2010) . For instance, among the Toll-like receptor (TLR) family, differences in polymorphic patterns between wild boars and domestic pigs in TLR1, TLR2, TLR6, and TLR10 genes have been reported. In TLR1 and TLR2, more SNP were present in the domestic pigs than in wild boars. In TLR6, SNP numbers were similar in both animal groups but the level of heterozygosity was higher in domestic pigs than in wild boars. In TLR10, again, more SNP were present in domestic pigs and a higher number of nonsynonymous SNP were detected in TLR10 compared with the other genes (Bergman, 2010) . Also, the cattle TLR family has evolved under functional and selective constraints, with <31% of AA replacements expected to potentially affect protein function (Bovine Genome Sequencing and Analysis Consortium et al., 2009 ).
Approximately 50% more nonsynonymous SNP are found in dogs than in wolves (Cruz et al., 2008) , suggesting that the domestication process has led to an increase in functional genetic variation.
Therefore, we aimed to identify genetic variants in the whole genome of domesticated Jeju horse and to focus on the genes with nonsynonymous SNP that can possibly decipher the genetic background of unique characteristics of Jeju horse.
MATERIALS AND METHODS
All experimental procedures on animals in this study were performed in strict accordance with good animal practice as defined by the relevant national and/or local welfare bodies. In addition, all animal experiments were approved by the Institutional Animal Care and Use Committee of the National Institute of Animal Science (No. 2013-3) .
Deoxyribonucleic Acid Sample
Genomic DNA were isolated from blood samples of 4 Jeju, 2 Mongolian, and 2 Przewalski's horses. Unrelated individuals with the same number of males and females were selected for Jeju and Mongolian horses. Because the 1 each male and female samples of Przewalski's horses were collected from the wild area, the exact relationship of the 2 animals is not certain. After the 2 samples of Przewalski's horses were collected, the number of chromosomes was checked (2n = 66) by karyotyping to confirm whether the sample was purebred or crossbred with Equus caballus (2n = 64). A total of 8 genomes were mapped to the equine reference genome (EquCab2; Wade et al., 2009) . The sampled Jeju horses are owned by the "Subtropical Livestock Research Institute" (Jeju-si, Jeju, Korea) and the others are owned by the "Mongolian Hustai National Park" (Khoroo, Töv, Mongolia) . A small insert library with an average size of approximately 400 bp was generated, and 3 to 4 lanes of 99-bp, paired-end sequences were processed using an Illumina Genome Analyzer II (Illumina, Inc., San Diego, CA). Sequence reads were trimmed and mapped to the autosomes, X chromosome, and mitochondrial genome of the assembled reference Thoroughbred horse genome (EquCab 2.0; Wade et al., 2009 ). All DNA was isolated from the whole blood of 8 horses using a QIAmp DNA Mini Kit (Qiagen, Hilden, Germany) or PaxGene DNA Prep Kit (Qiagen) according to the manufacturer's protocol. Deoxyribonucleic acid was used for library preparation using methods that satisfied quality control guidelines: a concentration over 50 ng/L, an optical density 260:280 nm ratio over 1.6, and an optical density 260:230 nm ratio over 1.6.
Whole-Genome Sequencing
Genomic DNA was sheared using the Covaris S series (Covaris, Woburn, MS). The fragments of sheared DNA were end repaired, A tailed, and paired-end adapted using a Library Preparation Kit (Illumina). The PCR product was gel purified using a QIAquick Gel Extraction Kit (Qiagen, Hilden, Germany). The library quality and concentration was determined using an Agilent BioAnalyzer 2100 (Agilent, Santa Clara, CA). The Phi X control library (Illumina, Inc., San Diego,CA) was quantified using quantitative PCR based methods on a LightCycler 480 (Roche, Indianapolis, IN) according to Illumina's library quantification protocol. Sequencing was performed using a 100-bp-end strategy and a HiSeq Sequencing Kit on an Illumina HiSeq 2000 according to the manufacturer's instructions. A base-calling pipeline (Sequencing Control Software; Illumina) was used to process the raw fluorescent images and to call sequences.
Sequence Alignment
Sequence reads were mapped to the reference horse genome assembly from University of California, Santa Cruz (UCSC). Sequence reads were then aligned using Burrows-Wheeler alignment tool 0.5.9 (Li and Durbin, 2009 ). The seed length parameter was set at 45, and all other settings were left at their defaults. The BAM file of removed PCR duplication was produced using SAMtools 0.1.16 (Li et al., 2009) . High-quality BAM files were produced using Genome Analysis Toolkit 1.4 (McKenna et al., 2010) with Count Covariates, Table Recalibration, RealignerTargetCreator, and IndelRealigner. The parameters were left at the default settings.
Single Nucleotide Polymorphism Detection
We used Genome Analysis Toolkit 1.4 (McKenna et al., 2010) to detect SNP using the UnifiedGenotyper. We added the following filtering conditions to remove incorrect SNP. The filtering conditions were "HARD_TO_VALIDATE = MQ0 > = 4 & ((MQ0/ (1.0 * DP)) > 0.1)," which means if 4 or more alignments are mapping to different locations equally well with a mapping quality and the number of alignments that mapped ambiguously are more than a tenth of all alignments, it is hard to decide whether it is an artifact or not: "QualFilter = QUAL < 10, DepthFilter = DP < 5 || DP > 200." Single nucleotide polymorphisms hav-ing a SNP quality below 10 and depth under 5 and over 200 are invalid. To minimize the false positive and false negative rates, the conditions of quality of depth < 2.0 and Fisher Strand values > 60.0 were also applied for the SNP filtering. As shown in the results, we accurately detected SNP.
Genetic Variant Annotation and Analysis
We performed annotation and analysis of SNP using the UCSC genome browser (genome.ucsc.edu/). Single nucleotide polymorphisms were divided into coding and noncoding. We analyzed synonymous, missense, nonsense, and readthrough within the coding sequences on the basis of their inter-intraspecies annotation. The functions of genes with genomic variants were investigated using Gene Ontology (GO; Ashburner et al., 2000) . The prediction of functional effect in nonsynonymous SNP-associated genes was performed using PolyPhen-2 (http://genetics.bwh. harvard.edu/pph2; accessed 14 March 2012). We compared genetic variants in genes between Jeju, Mongolian, and Przewalski's horses to analyze evolutionary nucleotide changes.
RESULTS AND DISCUSSION

Sequencing, Mapping, and Genetic Variants (SNP) Detection
The Jeju horse, which was introduced from Mongolia to Jeju island in southern Korea and then has been isolated for hundreds of years, was already domesticated when it was introduced; however, it could be a model similar to these genetic studies because of its long adaptation period of environmental differences. In 1276, the Mongolian Yuan Dynasty of China established a ranch to breed warhorses on Jeju Island in the Goryeo Dynasty, and they brought 160 Mongolian horses as breeding stock with expert breeders. Thereafter, the horses that had been raised in Jeju Island since ancient times eventually disappeared. Through adaptation to the harsh environment of the Jeju Island and long-term isolation, they have developed their own conformation. Jeju horses have several coat colors, and their body size is smaller than that of the Mongolian horse. In 1986, dozens of Jeju horses with pedigree registry were designated as a natural monument because of their historical importance. Currently, about 2,500 Jeju horses are being raised at farms.
Although Jeju horses were isolated and adopted in the very different environments form Mongolia for a long time period, it is hard to ponder the causes of different genetic aspects between Mongolian horses and Jeju horses with a limited amount of information. However, sequencing results of Mongolian horses that are the origin of the Jeju horse and Przewalski's horses, which are different species with an environment similar to Mongolia, were simply compared as a fundamental study.
Four Jeju horses genomes were mapped with an average of 545,996,279 (98.18%) reads to the Thoroughbred reference genome (EquCab 2.0; Wade et al., 2009) . Among the total number of mapped reads, an average of 527,578,347 reads (94.88%) were properly mapped; the number of singleton-mapped reads was 3,059,452 (0.55%), on average, and the number of reads mapped on different chromosomes was 11,123,873 (1.99%), on average. The read mapping to the reference Thoroughbred was slightly lower than the result of a Quarter Horse mare at 97% (Doan et al., 2012) . The average read depth of the 3 breeds ranged from 21.76x to 30.47x (Table 1) , and each individual's sequencing results were uploaded to the National Center for Biotechnology Information (Bethesda, MD; SRS346580, SRS346579, SRS346578, and SRS346577). We further analyzed sequences mapped to the assembled chromosome to identify SNP. Total numbers of identified SNP in Jeju, Mongolian, and Przewalski's horses were 5,986,852, 6,327,591, and 6,187,186, respectively. Among the called genotypes, the proportions of homozygous SNP in Jeju, Mongolian, and Przewalski's horses were 39.4, 36.2, and 51.1%, respectively ( Table 2) . The Przewalski's horse was extinct in Mongolia since 1969, and the "Foundation for the Preservation and Protection of the Przewalski Horse" (Klaaswaal, The Netherlands) was founded in 1977, starting with the release of 16 horses from zoos in Munich and Prague into the wild in 1992 (Boyd and Bandi, 2002) . Therefore, the highest proportion of homozygous SNP in Przewalski's horses may be caused by the severely small population size and inbreeding during the restoration process. Similarly, the geographical separation of Jeju Island for a long time period may have contributed to a higher proportion of homozygous SNP in Jeju horses compared with Mongolian horses.
The functional relevance of SNP was investigated by comparing the location of SNP with the coordinates of predicted gene structure. For the Jeju horse, the functional classification analysis showed 18,683 missense mutations, 20,840 silent mutations, and a very small portion of nonsense changes (198 mutations; Table 3 ). It also showed the most of SNP resided in intergenic regions (63.8%) and some of SNP were on the open reading frame (4.63% downstream and 4.56% upstream, respectively; Fig. 1 ; Table 4 ). The remaining SNP were located in exons (0.66%), introns (23%), untranslated regions (UTR; 0.067%), etc. The overall distributions of functional categories were similar among the 3 different sample groups.
Functional Annotation of Nonsynonymous SNP-Associated Genes
We focused on genes with nonsynonymous SNP among the various nucleotide mutations. Most nonsynonymous SNP identified in Jeju horses have not been reported nor have their functions or associations been investigated; new nonsynonymous SNP identified in this study will be valuable for future research. For genes with nonsynonymous SNP, functional annotation was performed. Gene clusters related to bacterial and viral infection are highly enriched in GO analysis. For instance, response to lipopolysaccharide (GO: 0032496), regulation of interferon-γ production (GO: 0032649), and response to steroid hormone stimulus (GO: 0048545) are highly enriched in genes with nonsynoymous mutations (Table 5) .
Lipopolysaccharide is a major component of the cell wall of gram-negative bacteria. Interferon γ is a cytokine that is critical for innate and adaptive immunity against viral and intracellular bacterial infections. Also, steroid hormone stimulus is process that results in a change in state or activity of a cell or an organism (in terms of movement, secretion, enzyme production, gene expression, etc.). Because Jeju horses have been domesticated for several hundreds of years on the Jeju Islands, we hypothesized that these horses have a different genetic characteristic than their nondomesticated counterparts. The highly enriched immune-related nonsynonymous gene variants were compared with Przewalski's horses (nondomesticated horse).
We analyzed these genes using the PolyPhen-2 program (http://genetics.bwh.harvard.edu/pph2) for prediction of protein functional effect. In the PolyPhen-2 program, prediction outcome can be one of "probably damaging," "possibly damaging," or "benign." Among the highly enriched genes with nonsynonymous SNP, TLR2 and TLR4 genes showed "possibly damaging" in some regions, which is supposed to affect protein function or structure (Adzhubei et al., 2013) . On the other hand, most of genes with nonsynonymous SNP showed "benign" (Table 6 ). Mammalian TLR gene family members are primarily expressed by antigen-presenting cells, such as macrophages or dendritic cells. Previous investigations have elucidated the ligand specificities for most mammalian TLR: 6 gene family members (TLR1, TLR2, TLR4, TLR5, TLR6, and TLR9) known to recognize microbial (bacteria, fungi, and protozoa) and synthetic ligands and 5 gene family members (TLR3, TLR4, and TLR7-TLR9) known to recognize viral components (Akira and Takeda, 2004; West et al., 2006) . To date, several studies have demonstrated that some naturally occurring TLR variants enhance the risk of severe infections in humans, mice, and, most recently, domestic cattle (Texereau et al., 2005; Merx et al., 2006; Mucha et al., 2009; Bhide et al., 2009 ).
This phenomenon is probably due to a population bottleneck caused by long-term geographical isolation and domestication on Jeju Island. Taken together, by screening the Jeju horses genome for selective signatures associated with immunity or disease susceptibili- ty, we were able to identify those genes that have been of critical importance to the development of disease resistance. In future study, we will carry out genotyping in many interspecies populations to provide the evidences of genetic variation by domestication and geographical isolation. 
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